Isotopic effects associated with molecular absorption are discussed with reference to natural phenomena including early solar system processes, Titan and terrestrial atmospheric chemistry, and Martian atmospheric evolution. Quantification of the physicochemical aspects of the excitation and dissociation processes may lead to enhanced understanding of these environments. Here we examine a physical basis for an additional isotope effect during photolysis of molecular nitrogen due to the coupling of valence and Rydberg excited states. The origin of this isotope effect is shown to be the coupling of diabatic electronic states of different bonding nature that occurs after the excitation of these states. This coupling is characteristic of energy regimes where two or more excited states are nearly crossing or osculating. A signature of the resultant isotope effect is a window of rapid variation in the otherwise smooth distribution of oscillator strengths vs. frequency. The reference for the discussion is the numerical solution of the time dependent Schrödinger equation for both the electronic and nuclear modes with the light field included as part of the Hamiltonian. Pumping is to all extreme UV dipole-allowed, valence and Rydberg, excited states of N 2 . The computed absorption spectra are convoluted with the solar spectrum to demonstrate the importance of including this isotope effect in planetary, interstellar molecular cloud, and nebular photochemical models. It is suggested that accidental resonance with strong discrete lines in the solar spectrum such as the CIII line at 97.703 nm can also have a marked effect.
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photodissociation | isotopic fractionation | UV photodissociation P hotochemical processes are particularly pervasive in nature. Measurements of isotopic compositions provide insights into a range of such processes, both terrestrial and extraterrestrial. To adequately interpret such measurements, characterization of relevant isotopically selective physicochemical processes associated with gas phase processes is desirable. In this paper we quantify an isotopic selectivity due to electronic reorganization following ligfht absorption. The results are compared to the solar spectrum for applications in nature.
There are a number of photodissociation processes that have been suggested where a more basic understanding of isotope effects could aid in the development of models. A striking example of observed, but presently not fully understood oxygen isotopic distribution occurs in the high temperature calcium aluminum rich inclusions of the Allende meteorite (1) and most oxygen bearing meteorites (see, for example, review in ref. 2) . Although originally thought to be nucleosynthetic in origin based upon laboratory experiments, it was later suggested that the observed isotopic composition might arise from photochemical self-shielding (3) (4) (5) (6) . It has also been proposed that given the special properties of oxygen, symmetry related properties might produce the same fraction in the actual mineral formation process (7) (8) (9) (10) (11) . A photochemical self-shielding mechanism has recently been tested utilizing short UV wavelength synchrotron light to dissociate CO after passage through a column of CO in a spectral region where self shielding is predicted (12) , which has lead to discourse on the role of photochemistry in the early solar system (13) (14) (15) (16) .
The determination of isotopic selectivity during photoabsorption is important, for example, in the interpretation of the Martian atmospheric isotopic composition. The Viking Lander mission (17, 18) measured the Martian atmosphere composition, revealing a very high 15 N isotopic enrichment (1.6 times terrestrial) that was suggested as deriving from dissociative recombination and photolysis of N 2 and preferential gravitational escape of the lighter isotope, 14 N (17, (19) (20) (21) (22) (23) (24) (25) (26) . Recent work describing the nitrogen isotopic composition of the atmosphere of Titan has also been modeled to interpret its anomalous molecular nitrogen isotopic composition, which is a factor of two higher than the associated HCN (27) . These careful calculations incorporated isotopic photoabsorption and photodissociation cross-sections for molecular nitrogen as well as consideration of coupling between Rydberg and valence states.
Meteoritic nitrogen observations have revealed extraordinarily high bulk heavy nitrogen isotopic enrichments (28, 29) . High enrichments are also observed in spatially restricted hot spots within meteoritic material (30) . The source of the enrichment remains unidentified and it is possible that a large nitrogen isotopic fractionation associated with photoabsorption of UV could be a relevant process in the early solar system or in circumstellar clouds. Identification and characterization of the process would better define the conditions associated with early nebular photochemistry.
In this paper we explore the possibility that N 2 UV excitation may produce nitrogen isotope effects of potential applicability in nature. For this purpose we implemented a numerically accurate solution of the electronic and nuclear quantum dynamics of the far UV excited N 2 molecule. We solve the time dependent Schrödinger equation so that we can follow in time the evolution of the populated excited electronic states during and after the pulse. We explicitly allow the atoms to move because it is the mass-dependent energies and couplings that are at the origin of the isotope effect.
The single UV photon excitation in N 2 accesses the region of the lowest lying allowed transitions from the ground state (31, 32) . In this energy region, optically accessible states are both valence and Rydberg excited states that qualitatively differ in the nature of the bonding in the molecule. This difference will be cardinal to what follows. The valence states are the gateway to dissociation via the repulsive triplet states (33) (34) (35) (36) (37) (38) that cannot be optically directly accessed from the ground state. Essentially the same comments apply to the UV excited states of the isoelectronic molecule CO. Ref. 39 provides a recent example. In this paper we perform calculations for the N 2 molecules because of the availability of the relevant potential energy curves at sufficient levels of precision. Relevant data for the isotopically substituted states is given in Table S1 . The physical implications are applicable to CO given that the two diatoms are isoelectronic.
The lowest UV accessible excited states of the N 2 molecule are in the 100;000-125;000 cm −1 frequency region (roughly 12.5-15 eV) (33, 37, (40) (41) (42) (43) . The excited states are of either Σ or Π symmetry and all are bound states. For each symmetry there are two Rydberg types and one valence-excited state that may be accessed optically directly from the ground state. The Rydberg states have a force constant and equilibrium distance that are comparable to those of the ground state of N 2 . The lower lying vibrational states within each Rydberg electronic state are thus in the frequency range of relatively intense transitions, the so-called Franck-Condon region (see figure 7 in ref. 44 ). The valenceexcited states are more weakly bound so that the potential curves are shallower and have a larger equilibrium distance. Thus it is the higher vibrational states of the valence-excited electronic states that are in the Franck-Condon region (Fig. 1) .
For diatomic molecules such as N 2 and CO, potential energy curves of excited states of the same symmetry cannot cross (except for an unforeseen accident). The noncrossing property is valid when we determine the electronic states by clamping the nuclei and optimizing the motion of the electrons. This generates the adiabatic electronic or Born-Oppenheimer states. These states avoid one another and their potential energy curves do not cross. The adiabatic states are accessed in ordinary spectroscopy and specifically in solar/stellar UV irradiation. The designations "Rydberg" and "valence-excited" are labels of particular electronic configurations. The bonding patterns in such states are not optimized by the use of a variational principle, which means that whereas these states have a clear bonding character they are not really stationary because they do not fully diagonalize the electronic Hamiltonian. There is a residual interaction that is effective only in the region about the crossing (45) . States of definite bonding character are here referred to as diabatic states. The weak nature of the coupling of the diabatic states and its localized effect is established by observing localized irregularities of level positions in the rovibrational spectrum (46) and in the nonmonotonic variations in the predissociation lifetimes for the rotational levels. The adiabatic and diabatic points of view are complementary to one another.
In this paper we quantify the origin of the isotope effect in photoexcitation using both a diabatic and the corresponding adiabatic approach. The advantages of invoking both points of view where diabatic potential energy curves cross is well-recognized (45) . The diabatic potential energy curves are smoothly varying and the vibrational spectrum for such potentials is regular and systematic. These regular vibrational levels are shifted in a systematic manner due to isotopic substitution. The "Rydberg" and "valence" diabatic states have a rather different force constant. The spacing of states in their respective vibrational ladders therefore are quite different and alteration of the mass of the atoms alters the vibrational spacings. For different isotopomers, states that belong to different ladders permeate into or out of a resonance as a function of their energies. A resonance is expected to be highly advantageous for transitions between two diabatic states. As will be seen, our computations very much exemplify this point of view. The major shortcoming of the diabatic states is that they do not diagonalize the electronic Hamiltonian and such states are not stationary. The intrastate coupling continues after optical excitation is terminated.
The vibrational adiabatic states are obtained by diagonalizing the electronic Hamiltonian. When two diabatic states are in near resonance, the adiabatic states will be a mix of different electronic diabatic states. The different electronically excited diabatic states differ in bonding character and therefore have different transition strengths from the ground state. In the region of crossing of diabatic states the transition strengths vary irregularly as the frequency of excitation varies because successive adiabatic states contain variable amounts of different diabatic states. The alternation of strongly and weakly absorbing states is characteristic of energy regimes where the interacting states are nearly isoenergetic (SI Appendix). Such characteristic "windows" have been clearly observed in both the experimental and computed spectrum of N 2 , (see, for example, figure 9 of ref. 42 ) near the frequencies of 105,500, 111,000, or 116;000 cm −1 (See Fig. 2 and the window in Fig. 3 ). It is in this region of rapid alternation of oscillator strengths that we expect a noticeable isotope effect as a consequence of the extent of mixing of diabatic states. Therefore the transition strengths to the mixed adiabatic state are highly dependent upon the energy mismatching of the ladders of diabatic states.
In an adiabatic approach it is the strength of optical coupling to the absorbing states that is the origin of a possible isotope effect. In the diabatic point of view we look at the energy gaps between the states for an explanation. (See also discussion in SI Appendix.) In neither scheme do we have a simple, "two-state" picture as there are always three or more diabatic states coupled to one another. Because both symmetries can be optically accessed from the ground state, the experimental spectrum is even more entangled than the theoretical one, where each symmetry can be separately studied. These considerations apply mutatis mutandis for CO.
The electronic coupling of the diabatic states is expected to slowly vary as a function of interatomic distance and has been accurately computed for N 2 (42) 45, 47) . The energies of the diabatic electronic states are shown in Fig. 1 (Fig. S1 ) of the effective coupling, χ between the b 0 and e 0 diabatic electronic states). The isotope effect occurs around R values where the effective coupling is large. In the exact numerical computation we include all diabatic electronic-vibrational states in the Franck-Condon window of the ground state; 45 times 2 Π Rydberg states, 25 for the b valence state that is shallow and 45 times 3 Σ states. (See figure 7 in ref. 44 for a useful view of the entire manifold of vibrational states). The Hamiltonian matrix for the system is block diagonal as shown in Eq. S1, with one block for each diabatic state. Different blocks, each of them diagonal, constitute the vibrational spectrum of the diabatic states. Off-diagonal elements are allowed only between different blocks and these represent the coupling of vibrational states that belong to different diabatic states.
Here, we are specifically concerned with the role of mass in governing vibrational motion. The origin of the variations between different isotopomers is primarily due to the anharmonicity of the harmonic ladders of vibrational states for each diabatic electronic state. Anharmonicity requires vibrational spacings in a given ladder to decrease as the vibrational quantum number increases as observed in Fig. 1 . The physics of the diabatic states means that ladders of vibrational states that belong to different diabatic states have different harmonic frequencies. Consequently, two vibrational states in different electronic ladders that are roughly close can be quite close or somewhat different in energy. The range of the possible variations is from near the vibrational frequency, which is high for N 2 , to almost zero. The isotope effect arises because the energies of vibrational states vary with isotopic substitution that alter the reduced mass by about 7%. Fig. 1 is an example of the diabatic potential energy curves, [adapted from Spelsberg and Meyer (42)], one panel for each symmetry type, where the inserts expand the scale to show the isotopic variation in the positions of nearly isoenergetic vibrational states.
The numerical computation that demonstrates the isotope effect solves the time dependent Schrödinger equation for both the electronic and the nuclear motion. A pulsed UV light is included exactly as part of the Hamiltonian, (Eq. S2), and not as a perturbation. We mimic the pressure broadening of spectral lines in an atmosphere by using a short pulse. Such a pulse is broad in energy because of the time-energy uncertainty relation. During and following the pulse the nitrogen nuclei start to move because they abruptly encounter a potential not that of the ground state of the molecule. Therefore the scale of the ordinate on the right is the fractional isotope effect in absorption. For two of the Σ states the isotope effect is so large that it is written on top, as a fraction. To prevent a possible misunderstanding 91.2 is an isotope effect of 91,200 parts per thousand. The variation in the bar height ¼ transition probability are due to the mixing of the diabatic states. The extent of mixing is spelled out within the bar for the more probable diabatic states. For states of very low intensity (e.g., at energy 114;851 cm −1 ) only the composition is shown. Computations at a field strength of 0.006 au resulting in a 0.5% depletion of the ground electronic state. Fig. 2 shows the isotope effect from the point of view of the adiabatic states. For each symmetry we show two panels, one with and one without a noticeable isotope effect due to state mixing. The height of each bar is the optical transition probability into that state using a laser pulse that is common to both panels of the same symmetry. There is no isotope effect when the diabatic vibrational states are not effectively coupled to states of a different diabatic ladder. When they are energetically near there is effective coupling as each adiabatic state is a mix of three or more diabatic states and the extent of mixing is highly isotope dependent. The degree of mixing influences both the probability to optically access the state and the lifetime for predissociation.
For the detection and interpretation of isotopic compositions associated with specific processes, the distribution patterns are conventionally expressed as ratios. For nitrogen, the distribution is expressed as the 15 N 14 N∕ 14 N 14 N isotope ratio (mass 29∕28). In the present computations, to conveniently express the isotope effect associated with coupling of the light pulse to the various states, we normalize to the case of light absorption for the isotopomer N 14 N 14 . The ratio of the absorption in the isotopomers to no isotope effect expresses the isotope effect associated with the primary absorption of light. The predissociation lifetimes are comparatively short compared to the lifetime for spontaneous emission and/or collisional deactivation. Consequently, most excited molecules will dissociate (48, 49) and the population is a reasonable approximation of the eventual isotope effect in dissociation.
The role of the discrete structure of the solar spectrum is illustrated in Fig. 3 . The Left panel shows an energy regime where only the ground and very low excited vibrational states of Π symmetry can be accessed. These are valence-excited states of b type and they are effectively fully unperturbed by the higher lying Rydberg states. The isotope shift of the spectral lines is then entirely due to the familiar mass shift of harmonic oscillator like vibrational energies. Also shown in Fig. 3 is the solar spectrum, adapted from ref. 50 . It is seen that the strong CIII solar line at 97.703 nm dominates the absorption of solar light in this region of frequency. The other frequency region shown in Fig. 3 is at a just somewhat higher energy near the extensive valence and Rydberg state mixing shown in Fig. 1 , Right. In the higher energy regime there is a significant isotope effect due to state mixing. In summary of Fig. 3 , the two panels illustrate the two isotope effects that we discuss. In the Left panel is the conventional effect of a mass shift of a vibrational frequency. In the Right panel is the region of strong state coupling. An accidental resonance with a solar line can make the shift quite important. In the Right panel, we show the isotope effect due to state mixing. Here too, the effect will be most pronounced for a structured light source.
The significant consequence of Figs. 2 and 3 is that the isotope effect in excitation, on a state by state basis, is very much a function of the energy, unambiguously demonstrating that such effects must be considered in photochemical models. There are relatively broad regions where there is no effect or only a weak effect, as shown in the topmost row for each symmetry type in Fig. 2 . This correlates with little mixing of diabatic states. However, intermingled there are energy ranges where the isotope effect is large. There are very localized energies where the effect is exceptionally large that occurs whenever states of different bonding character are strongly mixed (21, 23) . With the lifetime of the predissociation being relatively short these populated states will lead to a 15 N enriched or depleted atomic nitrogen product of large order of magnitude. We expect that similar consideration will apply to other molecules and in particular to the isoelectronic molecule CO (51) . Having said this we also draw attention to the role of the position of the strong solar lines as shown in Fig. 3 . This means that every molecule must be examined as a case by itself.
The nature of the isotopic effect uncovered by the computations is important for models of atmospheric evolution, particularly Mars. Present models that account for the 15 N∕ 14 N enrichment of 1.6 do not as yet incorporate the selective isotopic effect associated with the UV excitation discussed in the present paper (17, 21, 22, 24, 25) . Nitrogen atoms produced by dissociative recombination of N þ 2 and electrons result in production energetic atomic nitrogen atoms that possess energies exceeding the escape energy of about 1.72 eV, producing preferential escape for the lighter 14 N and concomitant 15 N enrichment in the residual atmospheric nitrogen. In this mechanism, assuming an initial terrestrial nitrogen isotopic composition, the atmosphere of Mars evolves over time with accrual of the heavy nitrogen isotope in the atmosphere. Recently it has been shown that molecular nitrogen photodissociation is the dominant mechanism for production of the nitrogen atoms that escape from the Martian thermosphere (25) . In the energy range of the present calculations, photochemically produced atomic nitrogen is a significant source in the 250 km range during low solar activity and 300 km during high activity. In these models, it is assumed there is no isotope effect in the actual photolysis. As Fig. 2 displays, for a particular portion of the band spectrum, irradiation with light of a narrow spectral distribution the selective isotope effect may be quite large. Our computations show that across the entire nitrogen energy range, with a white light source, there is no significant net isotope effect. However, in the spectral region in the present consideration (12.5-15 eV), the solar spectrum is quite complex and consequently the convolution of the actual solar luminosity with the isotopic population as a consequence of the actual photoabsorption is quite significant. When the solar spectrum is included the effect could be substantial. Fig. 4 is an illustration of the computed effect for an atmosphere of pure N 2 with additional graphical details provided in Fig. S2 . Fig. 4 shows the rate of absorption, J, of the three different N 2 isotopomers as a function of the pathlength l, logarithmic scale, of the solar light in N 2 gas of density c. J is computed using Eq. S6. At low l hardly any light is absorbed. There is then a clear isotope effect due primarily to the accidental resonance with the strong solar line at 97.703 nm as shown in Fig. 3 , Left. Fig. S2 provides a check of this statement: We, by hand, shift the solar line by roughly 120 cm −1 so that it overlaps better a different isotopomer. Whichever isotopomer best overlaps the solar line is the one that absorbs more. We emphasize that the entire solar spectrum is used in the computation but that at very low shielding the strong solar line that is nearly resonant dominates. As the pathlength l increases more light is absorbed and the extent of light absorbed diminishes exponentially. It is possible to plot the ratio of the light absorbed by different isotopes, say Jð1415Þ∕Jð1414Þ. If we do so, the ratio does not vary monotonically with l even though J itself does decrease monotonically, as seen in the graph and as can be shown analytically. A ratio of two exponentially small quantities is susceptible to amplification of the numerical error. We prefer, at the present level of accuracy of our quantum chemical computations of oscillator strengths, to show J itself and not the ratio.
There will be spectral regions, typically windows of low absorption, where the three isotopomers, 14 N 2 , 15 N 2 and 14 N 15 N, will not absorb to the same extent. Such a window is shown in Fig. 3 , Right. It is evident that around 104;600 cm −1 the heavy isotopomer absorbs more than twice as much as the lightest one, however the sun delivers no light in that energy range. In the frequency range about 106;000 cm −1 the heavy isotope absorbs only about half as much as the lighter one. Here again there is almost no solar irradiance. For a very broad light excitation source the alternating preferences will tend to average out. However for a narrower light source the effect may be dramatic. The net isotope effect in the excitation depends not only on the molecule but also on the spectrum of the light. At higher frequencies, such as those displayed in Fig. 2 , the reported solar spectrum is much less structured possibly due to lower spectral resolution. When a broad frequency spectrum light is applied the isotope effect will be averaged over many states and consequently decreases. For a narrower frequency spectrum of photoexcitation Fig. 2 shows that there can be a large isotope effect. The consequence of the calculations is that for any model of the isotopic evolution of the Martian atmosphere, the isotopic effect of the actual photoabsorption process must be accounted for as a highly resolved function of energy given the large effects associated with the photoabsorptive selectivity.
There is another consequence implied by our computations. In an atmospheric column of pure N 2 , during light penetration of the column the light will necessarily be structured in that the highly absorbing states will have absorbed and the corresponding frequencies missing. The states that are highly absorbing are typically almost pure b or b 0 states that do not exhibit a strong isotope effect in their absorption. Deeper down into the atmospheric column the light will be absorbed preferentially by the more weakly absorbing mixed states (Fig. 2) , states that exhibit an additional isotope effect. The isotope effect can therefore strongly vary with altitude being stronger at low altitude where most of the light has been absorbed. This effect may perhaps be seen in figure. 2 of ref. 27 . As emphasized in connection with Fig. 4 , because at low altitudes the residual light intensity is exponentially small it requires considerable numerical accuracy for the effect to be seen in a computational modeling.
In summary, the calculations reported in this paper demonstrate that in the photoexcitation of N 2 , coupling of electronic states induces significant variations in the oscillator strength of individual isotopically substituted molecules. As a consequence, in a given energy regime there are large isotope effects, exceeding 91,000 per mil for a light source in the spectral range of Fig 2, Bottom Right. For structured light sources, specifically solar or stellar irradiation, such effects may be larger and consequently, models of the evolving Martian atmosphere should take this effect into account. Fig. 4 . The absorption of solar light, J, at different altitudes in a column of N 2 at the concentration c that is the same as is observed in Titan (52) . Computed using Eq. S6. We fit the data of the concentration, units of kg·m −3 , vs. altitude to logðcÞ ¼ −ðh∕150 þ 2Þ where h is the altitude in km. The pathlength l in km is taken as l ¼ 1500 km − h. At very low shielding there is a definite isotope effect due the absorption of the strong solar line at 97.703 nm; see also Fig. 3 , Left, and the validation computations in Fig. S2 . As more light gets absorbed, the isotope effect due to absorption of other solar lines that access mixed states, see Fig. 3 , Right, becomes more important. See Fig. S2 for a similar plot for a gas at a constant density. Fig S2 also shows the effect of modest shift in the location of the solar line.
